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INTRODUCTION
Glomerular ultrafiltration, as with fluid movement across other capillary membranes, is governed by the Dr. Brenner is a Medical Investigator of the Veterans Administration.
Received for publication 20 November 1972 and in revised form 2 February 1973. imbalance of transcapillary hydrostatic and osmotic pressure differences. At any point along a glomerular capillary the net driving force (PUF) is given by PUF = AP -A7r = (PGC -PT) -(7rGC -rT) ( where PGc and PT are the hydrostatic pressures in the glomerular capillary and proximal tubule, respectively, and 7rGC and XT are the corresponding colloid osmotic pressures. Since tubule fluid is essentially protein-free, rT is negligible and Air =rGC.
The rate of glomerular ultrafiltration may be expressed as SNGFR = Kf PuF = k-S*PUF (2) where SNGFR is the single nephron glomerular filtration rate, PUF is the mean driving pressure (PUF averaged along the length of the capillary), and Kf, the ultrafiltration coefficient, is the product of the effective hydraulic permeability (k) and surface area (S) of the glomerular capillaries. As 
GLOSSARY OF SYMBOLS a,, a2
Empirical constants, mm Hg/(g/100 ml) and mm Hg/(g/lOO ml)2, respectively.
Al, A2
Dimensionless osmotic pressure coefficients, equations 16 Hydrostatic pressures were measured in single glomerular capillaries within surface glomeruli using continuous recording, servo-nulling micropipette transducer techniques (8, 10, 11) . Micropipettes with outer tip diameters of 2-3 ,um and containing 1.0 M NaCl were used. Penetration of Bowman's capsule and entry into capillaries was performed under stereomicroscopic control. Hydraulic output from the servo-system was channeled via a transducer (Statham Instruments, Inc., P23Db) to a second channel of the recorder. Accuracy, frequency response and stability features of this servo-system have been described in detail elsewhere (8) . In addition to direct measurements of glomerular capillary hydrostatic pressure (PGC), and proximal tubule pressure (PT), pressures also were recorded in efferent arterioles (PEA) and secondand third-order branch peritubular capillaries (Pc) in each rat.
To obtain estimates of colloid osmotic pressure (7r) of plasma entering and leaving glomerular capillaries, protein concentrations in femoral arterial and efferent arteriolar blood plasmas were measured as described previously (6) . Colloid osmotic pressures were calculated from the equation for plasma derived by Landis and Pappenheimer (12) and recently validated for the rat (13) . 7r calculated for femoral arterial plasma will be taken as representative of 7r for the afferent arteriole (7rAA). These estimates of pre-and postglomerular protein concentration permit calculation of single nephron filtration fraction (SNFF), and GPF (see equations below). From direct measurements of the decline in pressure along single afferent and efferent arterioles, and estimates of blood flow through these vessels, vascular resistances to blood flow through these individual vessels were calculated (see equations 9-11).
After completion of the above measurements, we induced reductions in GPF in nine rats by means of partial constriction of the abdominal aorta. This reduction in perfusion pressure to the left (experimental) kidney was achieved by applying tension to a fine silk ligature encircling the abdominal aorta between the origins of the renal arteries (14) . Many or all of the above determinations of SNGFR (using the recollection micropuncture technique), SNFF, GPF, glomerular transcapillary hydrostatic (PGC, PT) and oncotic pressure (1-EA, 7rAA) and vascular resistances were repeated at the reduced renal perfusion pressure in each rat. The period of time required to obtain all of the measurements and collections was usually less than 30 min for each level of AP.
In eight plasma loaded rats, after initial measurements of glomerular pressures and flows, GPF was further increased by means of occlusion of both common carotid arteries together with bilateral cervical vagotomy. Measurements of the necessary quantities were then repeated in the ensuing 30 min interval, with the recollection micropuncture technique used for the repeat determination of SNGFR.
Analytical. The volume of tubule fluid collected from individual nephrons was estimated from the length of the fluid column in a constant bore capillary tube of known internal diameter. The concentration of inulin in tubule fluid was measured, usually in duplicate, by the microfluorescence method of Vurek and Pegram (15) . Inulin concentration in plasma was determined by the macroanthrone method of Fuhr, Kaczmarczyk and Kruttgen (16) . Protein concentrations in efferent arteriolar and femoral arterial blood plasmas were determined, usually in duplicate, with an ultramicro-colorimeter2 using a recently described (6) microadaptation of the method of Lowry, Rosebrough, Farr, and Randall (17) .
Calculations. Single nephron glomerular filtration rate:
where (TF/P)IN and VTF refer to transtubular inulin concentration ratio and tubule fluid flow rate, respectively.
Single nephron filtration fraction: (1) .
where a, = 1.629 mm Hg/(g/100 ml) and a2= 0.2935 mm Hg/(g/100 ml)2 for protein concentrations in the range 4 < C < 10 g/100 ml. 
RESULTS
The measured determinants of glomerular ultrafiltration in plasma loaded rats are summarized in Table I The Glomerular Ultrafiltration Coefficient (5) .
The assumption of zero axial pressure drop inherent in equations 14 and 18 can easily be relaxed to allow for small decreases in AP with x. Kf is then calculated numerically from a more general form of equation 14 (5, 18) . When these small axial pressure drops are allowed, the effect on Kf is negligible. For example, assuming an axial pressure drop of 2 mm Hg rather than zero increases the mean Kf by only 3% for control, 4% for aortic constriction, and 1% for carotid occlusion.
As noted elsewhere, larger axial pressure drops are not consistent with experimental findings (1). The pressures and flows measured in this study also permit calculation of resistance to blood flow in single afferent and efferent arterioles, the results of which are summarized in Table IV . The fraction of total arteriolar resistance contributed by the afferent arteriole (RA/RTA) tended to increase, and therefore the fraction of the total contributed by the efferent arteriole (RE/RTA) decreased, with increasing GBF.
DISCUSSION
The experimental aim of this study was to examine glomerular dynamics under conditions in which filtration pressure equilibrium is not achieved. Disequilibrium, obtained at the elevated glomerular plasma flow rates found during 5% plasma loading, is required to obtain a physically meaningful estimate of the ultrafiltration coefficient, Kf. In addition, the present study was designed to investigate whether Kf is dependent on GPF. This was accomplished by either further increasing GPF (carotid occlusion and vagotomy) or modestly decreasing GPF (partial aortic constriction), always within a range of GPF in which disequilibrium persisted.
Previous studies under equilibrium conditions (1, 2) have shown that SNGFR can be highly plasma-flow dependent. The present results demonstrate that SNGFR remains flow dependent during disequilibrium, but the degree of flow dependence decreases progressively with increasing GPF. This relationship is illustrated in Fig. 3 , based on data obtained in this and previous studies (1) (2) (3) From previous direct measurements of glomerular pressures, Brenner, Troy, and Daugharty (3) calculated a minimum value of 31 nl/ (s. mm Hg. cm2) by assuming frGC = (1rAA + 7rEA)/2. Our estimate of k for the rat glomerular capillary is thus even higher than previously reported (3, 20, 21) , and is some 50 times greater than that recently found for capillaries in rat skeletal muscle (22) .
